Cactus, a Drosophila homologue ofIcB, binds to and inhibits Dorsal, a homologue of the p5O and p65 components of NF-#cB. We describe experiments in yeast with various Dorsal The Drosophila morphogen Dorsal, a transcriptional regulator, activates the genes twist (twi) and snail (sna) with the help of coactivators (1) and represses the genes zen and dpp with the help of corepressors (2-4). Cactus sequesters Dorsal in the cytoplasm (5) and in a graded fashion releases Dorsal into ventrally positioned nuclei as determined by a signal emanating from the ventral part of the embryo (6). Deletion analyses have shown that the C-terminal half of the Rel domain of Dorsal is necessary for interaction with Cactus and that a Cactus fragment containing all six of its ankyrin repeats is sufficient to bind to Dorsal in vitro (7). IKB prevents nuclear localization of NF-KB by masking its nuclear localization signal (NLS; refs. 8 and 9), and p65 with a mutated NLS no longer interacts with lKB (8). In vitro, IKB inhibits the DNA binding activity of NF-KB, and Cactus has a similar effect on Dorsal (10, 11).
The Drosophila morphogen Dorsal, a transcriptional regulator, activates the genes twist (twi) and snail (sna) with the help of coactivators (1) and represses the genes zen and dpp with the help of corepressors (2) (3) (4) . Cactus sequesters Dorsal in the cytoplasm (5) and in a graded fashion releases Dorsal into ventrally positioned nuclei as determined by a signal emanating from the ventral part of the embryo (6) . Deletion analyses have shown that the C-terminal half of the Rel domain of Dorsal is necessary for interaction with Cactus and that a Cactus fragment containing all six of its ankyrin repeats is sufficient to bind to Dorsal in vitro (7) . IKB prevents nuclear localization of NF-KB by masking its nuclear localization signal (NLS; refs. 8 and 9) , and p65 with a mutated NLS no longer interacts with lKB (8) . In vitro, IKB inhibits the DNA binding activity of NF-KB, and Cactus has a similar effect on Dorsal (10, 11) . Dorsal functions as a transcriptional activator in yeast, and the experiments described here and previously (2) show that Cactus can inhibit this activation. We here describe Dorsal mutants that escape Cactus inhibition and a Cactus mutant that inhibits these Dorsal mutants. The positions of these Cactus-resistant mutations, taken with the recently solved x-ray structure of a Rel domain (12) , define a likely pocket on the Rel domain that interacts with Cactus. We present experiments with various fusion proteins in yeast and show that whereas Cactus has no effect on Dorsal's activating function, it inhibits both the nuclear localization and DNA binding functions. We also describe a modified PCR mutagenesis procedure that facilitates production of large numbers of cloned mutants.
MATERIALS AND METHODS
In Vivo Methods. f3-Galactosidase assays were performed as described (13, 14) . The yeast expression libraries derived from 0-to 4-hr-old and 4-to 8-hr-old Drosophila embryos have been described (2) . The yeast expression plasmids for Dorsal, Cactus, Dif, p50, and p65 are derivatives of pADNS, a leu2-marked 2-,tm plasmid containing the ADHI promoter and terminator (15) . The yeast integrating plasmids for Dorsal and Cactus are derivatives of pGlA2p., a trpl-marked integrating plasmid containing the GPD promoter and terminator (2) . The GAL4-(1-147) fusions to Dorsal and Cactus were made using pYl, a trpl-marked ArsCen plasmid containing the ADHI promoter and terminator (16 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. mutagenesis scheme utilizes the yeast gap repair system and mutant DNA molecules generated by PCR and avoids passage of the molecules through E. coli as in the usual procedure. A 1-kb fragment containing the Dorsal Rel domain was subjected to 30 rounds of PCR using Taq polymerase (which results in one mutation per molecule; ref. 20) and then cotransformed directly into yeast with a gapped Dorsal expression plasmid. The yeast strain also expressed Cactus and bore the depicted reporter genes, so only Dorsal mutants insensitive to Cactus grew on medium depleted for uracil and formed blue colonies on X-Gal indicator plates. One million colonies were screened, and the 25 plasmids rescued revealed two different mutations. The change at codon 233 from TGC to CGC was found independently 20 times with several different libraries, and the change at codon 234 from TCG to CCG was found independently 5 times with several different libraries. One plasmid carried a double mutation, C233R/I243V, reflecting an additional change at codon 243 from ATC to GTC. To obtain Cactus suppressors, genes expressing Dorsal C233R and Dorsal S234P were separately integrated into the chromosome of the yeast strain containing the two zen reporters. The two resulting strains are phenotypically ura+ and thus sensitive to 5-FOA and form blue colonies on X-Gal indicator plates, even if transformed with a plasmid encoding Cactus. A 1.5-kb Cactus fragment containing all six ankyrin repeats was subjected to 30 rounds of PCR and then cotransformed with a gapped Cactus expression plasmid. This library was screened for Cactus mutants that would inhibit Dorsal C233R or Dorsal S234P and thus allow the yeast strains to grow on medium containing 5-FOA and to form white colonies on X-Gal indicator plates. One Cactus mutant was isolated from each strain, and sequence analysis showed that both of the corresponding genes contained the change AAG to ATG at codon 477, thereby substituting methionine for lysine in the protein.
binding to Cactus but retain the abilities to enter the nucleus, bind DNA, and activate transcription exist. The facts that the mutant Dorsal proteins activate as efficiently and bind to DNA in vitro as efficiently as does wild type (Figs. 2B and 3B) indicate that the Cactus-resistant mutants are otherwise wild type; they are not, for example, deficient in the dimerization and DNA binding functions. These results are consistent with the fact that, as indicated by the structure of a Rel domain, the mutations lie on a surface of the protein well separated from the dimerization interface and the DNA binding surface (see below). We also isolated a Cactus mutant, Cactus K477M, that inhibits the two Dorsal mutants. As shown in Fig. 2B , the Cactus mutant inhibits wild-type Dorsal somewhat more efficiently than it inhibits the Dorsal mutants. All of these mutants were generated by PCR mutagenesis, but unlike in previously described procedures, the mutagenized pool was transformed directly into yeast cells without prior growth in bacteria (see Discussion) . The amino acid sequence in and around the sites of the Cactus-resistant mutations of Dorsal is shown in Fig. 24 , along with the corresponding sequences from several close relatives. Fig. 3A shows that, in vitro, Cactus-(217-500), a fragment containing all six ankyrin repeats, prevented binding of Dorsal-(1-340), a fragment containing the Rel domain, to DNA, but had no effect on the corresponding Dorsal fragment carrying the C233R mutation. Challenge of the Dorsal-DNA complex Dorsal proteins (Fig. 3B ). Fig. 3C shows that GST-Cactus-(215-500) bound to Dorsal-(1-340) but not to Dorsal- (24) . 340)C233R. The figure further shows that GST-' 500) did not bind to the two full-length Dorsal bound to wild-type Dorsal and to Dif, a Drosophil of Dorsal that is expressed at larval stages (21) .
The differential response of two Dorsal fus Dorsal and GAL4-Dorsal) to Cactus reveals that t of Dorsal are inhibited by Cactus in vivo. The GAI fusions, residues 1-147, binds DNA and bears an P an activating region (22, 23) . The LexA moiety, re also binds DNA but lacks both an NLS and; the protein is sequestered in the cytoplasm and hence cannot activate either reporter. In contrast, because of the additional NLS (8), the GAL4-Dorsal-Cactus complex moves to the nucleus where it binds to the GAL4 site (but not to the Dorsal site) and activates transcription. Thus Cactus must inhibit both the nuclear localization and DNA binding functions of Dorsal but evidently leaves unaffected its activating region.
From the experiment of Fig. 4A described above, we concluded that in the GAL4-Dorsal-Cactus complex, the DorsalMonomer II activating region is free to activate transcription. The experiment of Fig. 4B (20) . Second, yeast efficiently recombines two pieces of DNA by homologous recombination (25) . We (106) , and so all mutants recovered are highly likely to be independent events. The fact that we did not find Cactus-insensitive mutations in Dorsal's NLS (which, as noted above, is required for Cactus binding) was expected, because the screening procedure requires that Dorsal move to the nucleus and be transcriptionally active.
The system described in Fig. 1 is a powerful tool for isolating regulatory proteins and studying their functions. We used this method previously (2) to isolate cDNAs encoding the activator Dorsal and two Dorsal inhibitors, Cactus and DSP1, from an expression library derived from early Drosophila embryos (2) .
